A two-dimensional Boussinesq model of thermal convection is investigated by numerical simulations. The turbulent heat transport is mainly due to thermal plumes. It is shown that their thin, wrinkled interfaces control the statistics of large temperature excursions. Away from the interfaces, the temperature fluctuations are strongly suppressed and the field in those regions is well mixed. Their statistical signature is in the low-order moments of the temperature increments, whose scaling exponents depend linearly on the order. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1375145͔
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The role of thermal plumes in convection at very high Rayleigh numbers has been investigated in a variety of settings ͑see, e.g., Ref. 1 for a review͒. Plumes are wellorganized structures of warm rising ͑cold descending͒ air that appear when the buoyancy effects are important. In the atmosphere, their generation and interaction strongly affect the heat transport properties and the temperature statistics in the convective boundary layer. 2 In that region, at intermediate heights, the mean temperature is well approximated by a linear decreasing profile ͑see, e.g., Ref. 3͒ and its fluctuations are driven locally by down-gradient turbulent diffusion. This situation is modeled by accounting for a linear mean temperature profile in the two-dimensional Boussinesq equations:
Here, T is the temperature field, ϭٌÃv is the vorticity, g is the gravitational acceleration, ␤ is the thermal expansion coefficient and , are the molecular diffusivity and viscosity. Since the fluid is being heated from below, a mean profile ͗T(r,t)͘ϭG"r is assumed, with a large-scale gradient G pointing downward as the gravity field. In a similar model, studied in Refs. 4 and 5, no mean gradient is present and a forcing term is added to the equation for the temperature field. That model mimics the convective boundary layer at larger heights. There, the average temperature becomes constant and turbulence is not excited locally, but emitted from the underlying layer. In Eq. ͑1͒, the temperature field affects the vorticity through the buoyancy forces, thus providing a simple example of active scalar turbulence. At large enough values of ␤, the buoyancy forces can equilibrate the inertial terms in the velocity dynamics, while the temperature fluctuations cascade toward the small scales at a rate ⑀. Actually, due to the presence of the coherent structures, the statistics of the temperature increments exhibits a nontrivial scale dependence. Large and small excursions depend on the separation r in two completely different ways, both differing from the dimensional Bolgiano-Obukhov predictions.
In Fig. 1 we show a snapshot of the temperature field obtained in our numerical simulations. 6 Cold and warm regions of the fluid are coded in black and white, respectively. In the central upper part of the image, an uprising warm plume and a descending cold one right below are recognized. The whole pattern is rotating counterclockwise. This picture illustrates the main features of the convective thermal plumes. A warm plume is, for example, formed by a wellmixed hot region, where the temperature fluctuations are weak, bounded by a thin interface separating warm fluid from the colder surrounding background. The thickness of the boundary is of the order of the diffusive length scale. The temperature excursions across the interface are as large as the rms value T rms ϵ(͗T
. Elsewhere, efficient mixing is taking place and the temperature fluctuations are depleted. From this sketch we infer that the temperature differences ␦ r T across a scale r will be either small or O(T rms ) depending on whether the separation r is inside a plume or crosses its boundary. 7 Therefore, the plume boundaries will control the tails (␦ r TӷT rms ) of the probability density function ͑pdf͒ of the temperature increments, whereas the bulk and the background fluctuations will determine its core (␦ r TӶT rms ).
Let us first consider the large temperature excursions. As shown in Fig. 2, 
͑2͒
In our simulations, we measured an exponent ϱ Ӎ0.8 and a shape of Q which decays roughly as an exponential. As a direct consequence of ͑2͒, the structure functions S n (r) ϭ͗(␦ r T) n ͘ behave as r ϱ for large enough orders, that is with an exponent independent of n. In our case, this saturation of the scaling exponents is taking place for the orders larger than the eighth, whose exponents are all coinciding with ϱ ͑see Fig. 3͒ . What is most remarkable in expression ͑2͒ is the factorization of the pdf in a scaling factor, r ϱ , and a term that depends solely on the intensity of the fluctuation, Q(␦ r T/T rms ). The physical interpretation is that the occurrence of a large excursion ␦ r T is due to two events: first, the separation r must intercept an interface, and this happens with a probability ϰr ϱ ; second, the temperature jump ␦ r T across the interface occurs with a probability ϰQ(␦ r T/T rms ). This is confirmed by measuring the box covering dimension D F of the interface. The probability to intercept an interface across r scales as r 2ϪD F ͑see, e.g., Ref. 8͒. In our simulations we find indeed by straightforward box counting that the set of points x such that ͉T(xϩr)ϪT(x)͉ exceeds three times T rms has a dimension D F Ӎ1.2, in agreement with the expectation that D F ϭ2Ϫ ϱ . The dimension larger than unity is the quantitative counterpart of the visual impression of the interfaces as wrinkled lines. In short, the scale dependence of the probability of large temperature excursions is governed by the geometrical properties of the plume boundaries. A similar picture holds for the passive (␤ϭ0) scalar turbulence. 9, 10 There also, the rescaled pdfs of the scalar increments are collapsing as in Fig. 2 and, in the so-called fronts or cliffs, the scalar excursions are comparable to the rms scalar value. However, it must be remarked that for the passive scalar, the tails of the pdfs are not dominated by the same structures at various separations r. The majority of the events in the tails are indeed associated with nonmature objects, whose thickness is comparable to r. In other words, their thickness has not reached the diffusive scale yet, the cliffs are still in their steepening process, and they have relatively small increments across separations much smaller than r. These physical arguments are confirmed by analyzing the conditional probabilities of the increments at two different scales. 10 The same analysis for the convective case suggests that the scenario is qualitatively similar to the one drawn previously for the passive scalar.
It is worth remarking that the statistics of the velocity fluctuations does not show the same strongly intermittent behavior as the temperature. The velocity increments follow quite closely the dimensional law ␦ r vϳr 3/5 . Some deviations associated with the presence of structures in the form of thin vorticity filaments can be detected, but they are small. It is hardly conceivable that such objects could play a role in the formation of the plumes. Those are rather built up by the constructive interference between the large-scale compressive velocity components aligned in the vertical direction and the buoyancy forces.
Let us now move to the weak temperature fluctuations. As shown in Fig. 4 plumes, the temperature variability is strongly suppressed and an efficient mixing is taking place. The counterpart is in the formation of the interfaces, where the excursions are concentrated and the mixing is reduced. A similar situation holds for the statistics of the weak fluctuations in passive scalar turbulence. 10 Let us recall that the rescaling ͑3͒ entails a linear behavior for the scaling exponents of the low-order moments of the temperature fluctuations, as shown in Fig. 3 .
The final point that we briefly address is the persistence at the small scales of the anisotropies induced by the largescale mean temperature profile. By inspecting Fig. 2 , it is evident that the pdfs are skewed. This asymmetry is due to the fact that hotter fluid most probably lies on the lower side of the interface. In other words, the temperature gradients preferentially point downwards rather than upwards. The anisotropy may be quantified by the odd-order temperature structure functions ͑vanishing in isotropic situations͒. We found a skewness S 3 (r)/(S 2 (r)) 3/2 practically independent of r and a hyperskewness S 5 (r)/(S 2 (r)) 5/2 that grows going toward the small scales as r Ϫ0.2 . Dimensional predictions would give r 4/5 for both quantities. Those behaviors signal a strong persistence of the anisotropies, even more noticeable than for the passive scalar case in two dimensions, where the skewness scales as r 0.25 , 9 and comparable to the threedimensional case. 
